Abstract-A compact detector, sized particularly for imaging a mouse, is described. The active area of the detector is approximately 46 mm 96 mm. Two flat-panel Hamamatsu H8500 position-sensitive photomultiplier tubes (PSPMTs) are coupled to a pixellated NaI(Tl) scintillator which views the animal through a copper-beryllium (CuBe) parallel-hole collimator specially designed for 125 I. Although the PSPMTs have insensitive areas at their edges and there is a physical gap, corrections for scintillation light collection at the junction between the two tubes results in a uniform response across the entire rectangular area of the detector. The system described has been developed to optimize both sensitivity and resolution for in-vivo imaging of small animals injected with iodinated compounds. We demonstrate an in-vivo application of this detector, particularly to SPECT, by imaging mice injected with approximately 10-15 Ci of 125 I.
I. INTRODUCTION
I N order to perform effective in vivo imaging of small animals or specific organs, it is desirable that the detector produce a seamless image of the entire animal or organ at sufficiently high resolution and sensitivity. Moreover, the detector should be compact, economical, and readily allow future expansion of the system. As reviewed in several recent reports, there has been significant progress in achieving these goals using a variety of approaches and detector systems [1] - [8] . Recently, a new position sensitive photomultiplier tube (PSPMT), the H8500, has become generally available [9] . Several research groups have tested the new tube [10] - [19] and several of these investigators have reported on its suitability for nuclear medicine imaging applications. Pani and collaborators [10] , [11] have tested this device for both uniformity and spatial resolution and have com- pared their results using both CsI(Tl) and NaI(Tl) pixellated scintillators in a range of pixel sizes. The technique reported by Popov et al. [16] has been applied in the work described here so as to yield good detector sensitivity across the 3 mm gap between the two tubes' photocathodes at the junction between the glass envelopes of the PSPMTs. Rouze et al. [18] and Lerche et al. [14] have demonstrated the suitability of this PSPMT when applied to PET imaging of small animals. Stolin et al. [17] have compared the H8500 to the larger R3292 PSPMT and have applied the technique of Popov et al. [16] to an assembly of twelve such tubes. Techniques of charge division among the H8500's pad anodes have been studied by Olcott et al. [15] . Applicability of the H8500 to detection of neutrons and high-energy gamma rays has been studied by Engels et al. [12] while Korpar and collaborators [13] have employed this tube in a ring imaging Cerenkov detector. Building upon the results reported with the H8500 PSPMT described in these studies, we have sought to devise a very compact detector capable of imaging an entire mouse, and also one which will facilitate the simultaneous use of several such detectors arranged symmetrically in close proximity to the animal. Our principal goal is the construction of a gamma camera compact enough so that eventually four or more identical cameras can surround a mouse for use in dynamic SPECT imaging. By contrast, a symmetric array of four RS3292 PSPMTs with larger width (diameter) would necessarily be positioned farther from the subject animal with consequent poorer spatial resolution.
We have incorporated two such tubes into a small, compact gamma-ray camera of a size particularly suitable for imaging mice. In this design, a pair of these tubes has been combined and attached to a pixellated NaI(Tl) crystal array [20] with a CuBe parallel-hole collimator designed for use with compounds tagged with . The detector package is enclosed in an aluminum box suitable for mounting on a rotating gantry for use both in planar imaging and SPECT. Lead foil was inserted in the Al box to shield the detector from radiation not arriving via the collimator. The collimator parameters have been selected to provide suitable system resolution (slightly over 2 mm, full-width half-maximum (FWHM) on contact with the collimator), and good sensitivity for imaging mice injected with only 10 Ci of and placed about 20 mm from the detector face. As more than 400 compounds of biological interest are available commercially tagged with , this isotope can be applied in a range of imaging studies. The relatively long halflife (60 days) permits the acquisition and storage of a quantity of the tagged material without ready access to production facilities. The fact that shorter-lived iodine isotopes are used in a number of human applications provides useful comparison with related studies in small animals as discussed here. The relatively low photon en- ergy emitted by does, however, place some demands on detector design and performance as discussed below.
Shown in Fig. 1 is the assembled gamma camera and a collimator identical to the one used in these studies. Here we report the design and construction of this system as well as a brief description of a "proof of principle" series of imaging studies of the uptake of sodium-iodide in a lactating female mouse. The studies carried out with this detector indicate that this combination of PSPMT, scintillator/pixel size and collimator construction provides a well-matched gamma imager for studies of the distribution of in a mouse. Measurements to study the suitability of this detector to both planar imaging and SPECT applications are described and the particular utility of an array of four or more such compact detectors for dynamic in vivo SPECT with is discussed.
II. DESIGN OF THE GAMMA CAMERA
We have reported previously on a number of imaging devices based on the 120 mm diameter, round Hamamatsu R3292 PSPMT [22] - [27] . We have carried out those studies employing both parallel-hole and pinhole collimators with a range of spatial resolutions. When applying our single-or dual-head imaging devices in a rotating gantry with the goal of achieving useful SPECT images, we have noted some limitations. We have found that SPECT reconstruction can readily be achieved when the subject is a euthanized mouse. In such cases where there is no metabolism, a relatively long time can be taken to acquire a series of planar images with a high signal to noise ratio with as little as 10 Ci of activity. For a live mouse, we have found that this same level of injected activity allows the acquisition of acceptable planar images even while the tagged material is being metabolized throughout the animal's body. Owing to the relatively rapid distribution of most such ligands throughout the living mouse body, the goal of reliable SPECT reconstruction imposes the demand for high activity and relatively brief planar imaging. An obvious solution to this limitation is the use of several identical detectors placed symmetrically in a compact array around the body of the mouse. We have therefore designed and constructed a detector that is considerably more compact than one based on the R3292 PSPMT. The new "mouse-sized" gamma camera described here utilizes a pair of the new H8500 PSPMTs. A compact array of four or more identical gamma cameras can provide a symmetrical system to surround a mouse and permit acquisition of planar images simultaneously from several angles potentially permitting imaging in a short period relative to the changing distribution of the ligand throughout the body of the living mouse.
III. CONSTRUCTION OF THE IMAGER

A. Hamamatsu H8500 PSPMT
The H8500 is a square, flat-panel PSPMT with external dimensions of 52 mm 52 mm 34 mm thick and a sensitive area approximately 49 mm 49 mm. In order to image an entire mouse, gamma cameras based on more than one such tube will generally be required. It is a 12-stage tube with a gain of and an 8 8 array of anode pads. This device has recently become generally available. Standard specimens of that tube are sold with anode output uniformity not exceeding 5:1. The selected tubes used in this device exhibited sensitivity variations of about 2:1.
B. NaI(Tl) Pixellated Scintillation Crystal
The scintillator employed in this detector is of pixellated NaI(Tl) and is manufactured by Bicron-St. Gobain [20] . The crystal array has an active area of about 98 mm 48 mm to match the active region of the pair of adjoined phototubes. The pixel dimensions are 1 mm 1 mm 5 mm with a pitch of 1.2 mm. The array is viewed through a 3 mm glass window and encapsulation is completed by an aluminum cover 50 m thick. The Al entrance window results in approximately 15% attenuation of photons in the 30 keV energy range applicable to studies with . Owing to the difficulty in cutting and sealing arrays of such small pixels of NaI(Tl), the manufacturer made a protective outer perimeter of 2 mm pixels for added integrity of the array. The chosen pixel depth (5 mm), while greater than necessary for efficient absorption of the keV photons from , permits application of the camera to higher energy photons and provides sufficient light collection at the PSPMT as evidenced by good signal to noise and clear image definition.
C. Parallel-Hole Collimator
For initial studies of this system, a CuBe parallel-hole collimator has been employed. The collimator, fabricated by Tecomet, Inc. [21] , is 5 mm thick and has an active area 52 mm 105 mm. The collimator, shown in Fig. 1 , measures 58 mm 122 mm in area owing to the presence of a frame on three sides of the active rectangular area. Two such collimators were produced by cutting a square 122 mm on each edge through the central axis. It has square cells 0.55 mm on each side separated by 0.11 mm thick septum walls. Collimator dimensions were based on the formulae given by Smith et al. [28] as discussed further in Section IV below.
D. Assembly of the Detector
A box measuring 140 mm 82 mm 107 mm deep machined of 8 mm thick Al is used to contain the detector system. The front face entrance window is of 2.0 mm thick graphite-based composite material manufactured principally for use in medical imaging tables [29] . The presence of that window resulted in an 8% reduction of transmission of photons emitted by . Mounting brackets extend from two sides for positioning in a frame or gantry. Inside the Al box, the two H8500 PSPMTs are gently attached to each other with flexible cement along an edge and then taped against the glass face of the NaI(Tl) scintillator array. An optical grease [30] is used for optical coupling of the PSPMTs to the scintillation array window. The CuBe collimator is held in place inside the box against the front entranced window by brackets along the short sides. Changing the collimator can be effected by removing the screws which hold the composite entrance window to the Al box. The combination of the two PSPMTs and the NaI(Tl) array are gently pressed against the back of the collimator within the box.
E. Anode Readout
Although each of the PSPMTs has 64 anode pads in an 8 by 8 array, the signals are read out from each tube via a matrix of 128 resistors (one "X" and one "Y" per pad) arranged to allow the X and the Y signals from one tube to be represented by 8 signal lines for each dimension [16] . Sixteen amplified outputs from each PSPMT are connected to a 16-channel FERA LeCroy CAMAC ADC (two ADCs are used). The Kmax-based [31] data acquisition algorithm calculates the digitized signals from both PSPMTs to permit a single continuous active detector surface in one of the detection coordinates. As the two PSPMTs do not have identical gain at the same bias voltage, they are operated at different high voltages and this is currently achieved with a single HV power supply and a resistive divider.
IV. RESULTS: EFFICIENCY AND RESOLUTION
A raw crystal image of the detector (left panel in Fig. 2) shows the presence of the transition region at the gap between the two phototubes, however all the scintillation pixels are seen and are well-separated. This image was made using 662 keV gamma rays from a Cs source positioned 150 mm from the front face of detector with the CuBe collimator in place. The individual pixels are readily identified at this higher energy range. The raw crystal array image is then imported into a special Kmax program for identification of the geometric response region of each crystal and the development of a crystal pixel lookup table (36 80 pixels) followed by energy calibration of each crystal element pixel using a source of . A large liquid planar flood source containing 40 Ci of placed above the CuBe collimator permitted the formation a flood-correction table to obtain the relative efficiency of each pixel. As is evident in the center image in Fig. 2 , the gap between the individual PSPMTs does not prevent reliable identification of each crystal element. No detection efficiency loss or visible deterioration of performance was observed in the gap region between the PSPMTs. Uniformity of the detector's efficiency is further exhibited in the image of a source comprised of three glass capillaries of inside diameter 0.3 mm and length about 120 mm. Each capillary was loaded with approximately 10 Ci of (right image in Fig. 2) . A profile image through those capillaries is shown in Fig. 3 . We note that the images of the radioactive capillaries in the rightmost panel of Fig. 2 do not show discontinuities at the interface between the two square PSPMTs despite the mm insensitive region between photocathode surfaces of the PSPMTs. The "bridging" of the gap that occurs between the two PSPMTs was achieved by light spread affected by the 3 mm thick optical glass windows of the scintillation array and the 2 mm thick PSPMT windows and by the use of optical coupling grease between the NaI(Tl) crystal array window and the entrance window of the PSPMT. The measured energy resolution of the detector for photons from decay of was 35% FWHM. The energy window was set to accept photons from 22 to 40 keV. Shown in Fig. 4 is a plot of the measured relative efficiency versus distance from a 10 Ci line source of to the face of the collimator. The chief source of uncertainty in the efficiency measurements was the lack of precise source activity and was %. A measure of the sensitivity of this system (including collimator) yields 1840 % counts/minute/ Ci as measured with a 6 Ci line source of (0.3 mm in diameter) on contact with the outer window. Fig. 5 shows a plot of measured detector spatial resolution (FWHM) versus source-collimator separation obtained from the average of a Gaussian fit to three different one-pixel-wide slices across the line source. One of those slices was in the region of lowered sensitivity between the tubes while the other two were in the top and bottom halves of the sensitive area of the detector. Collimator dimensions were based on the formulae of Keller [32] and the more recent work of Smith et al. [28] and the experimental results obtained for resolution and efficiency are in good general agreement with their predictions while noting that the measured resolution curve (Fig. 5 ) falls about 0.6 mm FWHM above the theoretical curve. The collimator described in this work has been chosen to provide acceptable system resolution for murine imaging (2.5-3.5 mm FWHM throughout the body of a mouse) with sufficient sensitivity to permit acceptable SPECT reconstruction in a period short enough for imaging of an anesthetized mouse. These collimator parameters also have permitted in-vivo planar imaging at even lower injected activities with the animal in close proximity to the collimator. For higher resolution SPECT imaging, one can employ parallel hole collimation with Fig. 6 . Image of a 35-g anesthetized female mouse injected with 10 Ci of Na I, and positioned on the detector. The injection site was the muscle of the left femur. Evident as well are stomach, thyroid, submaxillary salivary gland region, and each of the mammary glands. The mouth and heart region also show some uptake of the isotope. Each raw pixel is interpolated to yield four smoothed bins in each dimension using NIH Image J.
higher intrinsic resolution and inject correspondingly higher activity into the imaged animal. In addition, as mentioned above, an array of four to six such detectors arranged in close proximity about the animal would allow SPECT studies with a dose as small as 10 Ci of .
V. RESULTS: ANIMAL IMAGING STUDIES
We have made a preliminary test of the system by imaging a live 35-g lactating female mouse. Normal lactation is known to involve the Sodium (Na) Iodide Symporter (NIS) to transport iodine for the manufacture of milk [33] , [34] . The NIS has also been well described in other tissues such as the thyroid salivary glands and stomach. Shown in Fig. 6 is a planar image of the lactating mouse comprised of all the events detected throughout the first 60 minutes following the intramuscular injection of 10 Ci of Na in 0.10 ml 0.9% saline into the left rear leg. In this study, we used intramuscular (IM) injection of the NaI into the femoral biceps, a standard means of injection for many peptide ligands, in order to both quantify the injected dose relative to the final distributions as well as to follow the rate and pattern of distribution of the injected dose from a location that was continuously observed. In this image there is demonstrated a clear accumulation of radioactivity in the lactating mammary glands as well as in the stomach positioned asymmetrically on the left side of the animal, and thyroid region, and to a lesser extent in the mouth, heart, and lung region. The injection site in the right rear leg is also apparent. Evident as well is a demarcation between the activity in the thyroid glands and the immediately adjacent submaxillary salivary glands. The resolution of the detector and its applicability to the imaging of -containing compounds in mice is clearly demonstrated in this image.
Shown in Figs. 7-9 are images based on a maximum likelihood expectation maximization (mlem) reconstruction [35] . The images represent "slices" spaced 1.2 mm apart and are based upon reconstruction of 120 planar images of three minutes each taken at 3 spacing around the animal. Fig. 7 is a transaxial slice of a spect reconstruction in the thyroid and submaxillary salivary gland region of the mouse shown in Fig. 6 , following euthanasia at 65 minutes post injection of the na . This slice (Fig. 7, top) indicates the accumulation of in the cross-section that includes the thyroid gland and shows the portions of the two submaxillary salivary glands that are adjacent and ventral to the thyroid. The surface plot of these data (Fig. 7, bottom) illustrates the dramatic difference in the amount of accumulation of in the small area of the thyroid compared with the salivary glands. These data are entirely consistent with the expectation for active iodine accumulation involving the NIS in these two structures.
Figs. 8 and 9 illustrate the distribution of 14 Ci Na in the body of another euthanized female mouse bearing a mammary tumor. Fig. 8 represents transaxial slices of a SPECT reconstruction of this mouse in the region of the thyroid, submax- illary glands, and the right axillary mammary tumor. It is evident from these images that the present in the tumor volume slices is greater than that contained in the submaxillary glands. The data suggests that the NIS activity in the tumor at this stage of development is substantial, but not as high as in the thyroid gland.
Represented in Fig. 9 are longitudinal slices of the SPECT reconstruction of the same mouse in a plane that includes the stomach, thyroid, submaxillary glands, and the tumor. In this plane of section it is also evident that the tumor has accumulated more in comparison with the salivary glands. In addition, the highly efficient NIS activity expected in the thyroid and the stomach is clearly evident. The fact that the NIS may also be active at various stages of mammary tumor development is expected and offers the potential for further investigations with this animal model using radioiodine to follow the metabolism of both normal and abnormal mammary cells as reflected by the expression and relative activity of the NIS in the mammary gland.
VI. CONCLUSION
We conclude that the detector described here is indeed particularly suitable for imaging mice based on its size, resolution and sensitivity. We note that the combination of two square, flatpanel PSPMTs has been configured to effectively bridge the response gap between the tubes so as to maintain very good uniformity of response (both efficiency and spatial resolution) across the complete detector's active size, and that this detector is able to effectively image an entire mouse. In addition, a compact array of four or five such detectors surrounding a mouse will considerably enhance the ability to carry out SPECT scans with the isotope using physiologically safe levels. By replacing the collimator and increasing the internal radiation shield, the imager can be also applied to imaging higher energy photons such as those from Tc.
